Air-ionization chambers have been used in radiotherapy and particle therapy for decades. However, fundamental parameters in action in the detector responses are sparsely studied. In this work we aimed to measure the electronic attachment, electrons and ions mobilities of an ionization chamber (IC) in air. The main idea is to extract these from the actual response of the IC to a single ionizing particle in order to insure that they were measured in the same condition they are to be used while neglecting undesired phenomena: recombination and space charge effect. The non-standard signal shape analysis performed here were also confronted to a more standard drift chamber measurements using time-of-flight. It was found that both detectors displayed compatible results concerning positive and negative ions drift velocities where literature data is well spread out. In the same time, electron attachment measurements sit in the middle of known measurements while electron drift velocities seemed to show an offset compared to the well known and modeled data.
Introduction
For years, air ionization chambers have been the gold standard in beam monitoring and dosimetry for radiotherapy and particle therapy. They have the advantages to be relatively simple, very resistant to radiations, to have little impact on the beam, and to have linear dose responses in a wide range of intensity and irradiation modalities. In addition, the use of air as ionizing medium is very convenient in the medical context while it limits the number of apparatus needed and safety risks. The increasing beam intensity observed in latest development like IBA's SuperConducting SynchroCyclotron (S2C2) [1] for proton therapy, put the air ionization chambers at the very end of their linear operating range. In fact, the tremendous amount of ionization pairs produced in the gas causes space charge effects, amplifying charge recombination and therefore decreases the detector efficiency. To allow for correct dose measurement at high intensity, one can use Boag's calculations on detector efficiency [2] to correct from charge loss. Unfortunately, those theories tend to overly simplify the problem by using effective parameters which need to be adjusted on data and cannot be expressed as a function of gas properties (electron and ion drift velocities, recombination and attachment coefficients), chamber design (electric field and gap size) and beams characteristics (spatial and temporal beam shape). Therefore, there is not any simple way to adapt an ionization chamber design to a specific application beforehand. This study is motivated by previous developments done at LPC Caen on ionization chambers for particle therapy applications [3] and by the need to accurately simulate the efficiency of a given ionization chamber to a known irradiation condition. While every phenomenon occurring in an air-ionization chamber seems to be known, the lack of agreement on air swarm parameters in the literature renders any modeling attempt unlikely. The purpose here is therefore to measure electron and ion drift velocities along with electronic attachment time in air, in conditions adapted to medical ionization chambers, to be used in later simulations.
The drift velocity v is usually related to the electric field E through the mobility K (Eq. 1) using notations from [4] . It implies that K is positive for cations and negative for both anions and electrons. To enable comparisons with measurements done in several density conditions, the standard mobility K 0 is used and defined as the mobility at 273.15
• K and 1013.25 hPa as in Eq. 2 where N is the gas density in number of neutral particle per unit of volume. It is also common to use the reduced electric field (E/N ). However, one should not assume that K 0 is independent from the electric field or from the condition at which it was measured.
Moreover, the electronic attachment phenomenon is the reaction of electrons with neutral molecules or atoms from the gas leading to the formation of anions. As described in Eq. 3, they can be formed either through two-body or three-body attachment processes [5] .
In air, electronic attachment can be expressed as the Townsend attachment coefficient (η in m −1 , see [6] ) as presented in Eq. 4 where k 2 , k 3 O 2 , k 3 N 2 are the kinetic constant rates of attachment for two-body attachment and three-body attachment using either O 2 or N 2 as third body of the reaction, while v e − is the electron drift velocity. Here, we define the attachment time T a as the negative ions formation rate (Eq. 5), corresponding to the attachment parameter directly measured in this study.
Material and methods
In order to obtain measurements of drift velocities and electronic attachment times relevant to medical ionization chambers, it was decided to use gaseous detectors operating in similar conditions while preventing unwanted phenomena such as recombination and space charge effects to occur. In that framework, two dedicated setups were developed in-house. First, a parallel plate chamber named MICMAC and second, a drift chamber (used in ionization chamber mode) named MAGIC. Both of them followed the same principle: 5.5 MeV α particles (emitted by a 44 kBq 241 Am source electro-deposited on a metal plat) crossed the detector active area, ionizing the gas and ending its path in a scintillator whose scintillation was detected by a PhotoMultiplier Tube (PMT) and therefore triggering the signal acquisition. The detection of individual α particles allowed us to create a uniformly ionized track containing only 15.000 electron-ions pairs (2.4 fC) and to operate both detectors in pulse-mode. In this study, the electric field in the active area of both detectors were supposed homogeneous and undisturbed by the charges in motion. For both detectors, measurements were done in the laboratory conditions (291
• K and 1015 hPa) for both air and pure nitrogen gas. While our purpose was to obtain measurements adapted to air ionization chambers, measurements in nitrogen were used to validate our signal shape analysis methods as the corresponding literature data is much better furnished in nitrogen than in air.
In addition, the difference in drift velocities between electrons and ions (about three order of magnitude) forced us to use different electronic acquisition setups to optimize measurements for both electronic and ionic signal components. Nevertheless, even after amplification, measured signals were to small in amplitude compared to the preamplifier noise to be usable individually. For both setups, and each condition, the induced signal was averaged over few thousands detected α particles.
The ionization chamber MICMAC
The detector MICMAC was a 5.8±0.03 mm-gap parallel plate ionization chamber (Fig. 1) . As with every other ionization chambers, ionized charges were put into motion through the electrical potential difference between electrodes. The specificity of this setup was that the readout electrode was the conductive α source itself while the high voltage electrode was constituted of a 2.5 µm thick aluminized mylar foil enabling the α particle to get through and be detected by the scintillation detector placed behind it (as presented in Fig. 1 ).
When an α particle went through the air gap, two groups of charges (electrons and cations) moving along the same line in opposite directions are created. The induced signal was modeled as a function of their speed and attachment time using the RamoShockley theorem [7] . The induced current is presented in Eq. 6, where each individual ionized particle i, of charge q i and speed v i moved in the applied electric field E with E * the corresponding virtual electric field. This virtual electric field was defined as the electric field that would exist if the measurement electrode was put at 1 V while all other electrodes were placed at the ground potential.
In the case of MICMAC, the virtual electric field E * was equal to 1 V/d where d was the electrode spacing while its direction was collinear with the direction of the moving charges. In addition, one should note that both electron and cation-induced signals had the same polarity as species had opposite signs while moving in opposite directions. Therefore, when using the MICMAC setup, species were only differentiated by their drift time.
2.1.1. Experimental conditions in air and nitrogen. Measurements were performed using applied voltage from 100 to 4000 V at 291±2.9
• K and 1015±8.6 hPa. As the PMT was relatively close to the measurement electrode it produced electronic noise when triggering. To remove this noise, every measurement presented here corresponds to the difference between data obtained at the same applied voltage but in opposite polarities. The in-house build digital acquisition system FASTER [8] was used. Its oscilloscope mode registered a full window of 700 samples around the triggering time. Depending on the species measured, either ions or electrons, an adapted sampling time (T s ) was used: 2 ns for electrons and 512 ns averaging for ions.
2.1.2. Signal shape modeling in nitrogen filled MICMAC. As attachment does not occur in nitrogen, no anion can be present and the measured current can be divided in two: the electron-induced current i e − N2 and the cation-induced current i + N2 . With a uniform electric field across the detector, all charges of the same species are moving at the same drift velocity v d . This drift velocity is equal to the drift distance (inter-electrode spacing) divided by the drift time t d (t d e − for electrons and t d+ for cations, respectively). Using this notation to replace the velocity in the Ramo-Shockley theorem (Eq. 6), we obtain Eq. 7 and Eq. 8 where the only parameters involved are the drift times and the number of electron-cation pairs created by the ionization Q 0 .
In practice, measured signals (presented in Eq. 9 and 10) contain only the part of the information accessible at the used sampling time. With the fast sampling rate (T s = 2 ns), the amplitude of i + N2 is too small to be measured, therefore only the electronic component i e − N2 is presented on the measured signal S Ts=2 ns
N2
. Similarly, at the slower sampling rate (T s = 512 ns), the measured signal S Ts=512 ns
contains the electron-induced current as a δ-Dirac function of amplitude Q e − N2 which is equal to the integral of i e − N2 (t) (as expressed in Eq. 11).
S
Ts=2 ns
As a result, in nitrogen, electron mobilities can be extracted from S Ts=2 ns
N2
through t d e − and cation mobilities from S Ts=512 ns N2 using the corresponding drift time (t d+ ).
Signal shape modeling in air-filled MICMAC.
In air, electronic attachment phenomenon transforms electrons in anions as they are moving to their collection electrode, therefore decreasing the electron-induced signal and creating an anioninduced signal. The electron-induced component i e − Air presented in Eq. 12 decreases exponentially (with a time constant equal to the attachment time T a ) due to attachment compared to the signal seen in nitrogen (Eq. 7). If the cation signal i + Air itself is not affected by the attachment (Eq. 13), the signal resulting from the formation of anions i − Air (Eq. 14) is much less straightforward to model. In fact, it depends on the number of electron undergoing attachment as a function of time and position along the drift line. Due to their difference in velocity, we can assume that the produced anions are stationary while electrons are being collected (t < t d e − ). Thus, the number of anion (ρ − Air ) produced at a given position x is related to the time needed by electrons located between that position and the anode (at x=0) to move past this point (see in Eq. 15).
Similarly to measurements in nitrogen, the ones performed in air at high sampling rates signal S 
S
As a result, in air, electron mobilities can be extracted from S Ts=2 ns Air through t d e − , while both anion and cation mobilities are evaluated from S Ts=512 ns Air using their respective drift times t d+ and t d− . In addition, the attachment coefficient can be obtained from measurements at both sampling times, as the attachment time T a at the faster sampling rate, but only as the ratio T a over t d e − at the slower one (ratio used in both i − Air (t) and Q e − Air ).
Oscilloscope-induced bias correction.
In practice, a measured signal cannot be directly compared to its model counterpart, as experimental effects have to be taken into account. The first one is related to the trigger-based averaging method used for noise reduction. Indeed, while signals were averaged, the registered signal does not correspond to a single event but a time window containing signal samples before and after the triggering time. Their might have been multiple α particles detected by the photomultiplier tube in the same time window but only one triggered the acquisition. Each time window is followed by a dead time during which secondary non-triggering α particles may cross the detector. Those same non-triggering events might still be registered as part of the time window of a later triggering event. Therefore, when averaging, the measured signal corresponds to the signal induced by a single α particle in the ionization chamber convolved by the mean number of event in a time sample as a function of its position in that time window. This last function can be obtained by a simple simulation and is presented in Fig. 2 (a) along with its equation in Eq. 19 where τ is the average time between two events (400 µs) and T s the sampling time (512 ns).
In order to correct for the oscilloscope windowing effect, first, the offset was measured using the last samples in the window. Then, the exponential part was removed using numerical inverse filtering (calculated with a bilinear Z-transform) as presented in Eqs. 20 and 21 where E is the measured signal and S the inverse filtered one. In order to simplify the expression of the inverse filter, the time has been reversed, consequently a given sample S[n] becomes a function of the following sample S[n + 1] in Eq. 20.
Fig . 2 shows the results of this correction method applied on the calculated average number of α particle (a) as a function of time (when trigged at t=0 s) and on measurements (b).
This effect can be neglected for electron measurements as T s /τ ratio represents 5×10
−6 compared to the 1.28×10 −3 for ion measurements.
2.1.5. Electronic low-pass filtering corrections. After correction of the oscilloscopeinduced bias and before adjusting the model on the data, low-pass filters, inherent to the current preamplifiers used, had to be taken into account. As it was not possible to measure the full electronic response function, it was decided to make this correction part of the model adjustment process.
As two different electronics were used depending on the sampling time, two different filters were considered. The low-pass filter dedicated to ion measurements (T s = 512 ns) was modeled as a simple second order low-pass filter. For electron signal measurements, standard low-pass filter failed to reproduce the raising shape of the signal. It was therefore replaced by a unilateral causal digital filter using the 14 previous time samples weighted without constraint.
The drift chamber MAGIC
If the overall setup for MAGIC was very similar to the MICMAC one, its operating principale was much closer to standard drift tubes [9] . Here, the electric field was perpendicular to the ionization direction and only charges reaching the area between the collection electrode and the Frisch grid were measured (as presented in Fig. 3) . As a result, positive and negative charges were acquired separately depending on the polarity chosen for the high voltage electrode. If MICMAC did not allow to fully decorrelate cations from anions, MAGIC enabled it by design. The drift velocity being measured through time-of-flight, the uncertainty on the ionization point of origin was reduced by limiting the area of ionization using 1 mm diameter collimators on both the source and the scintillator. Overall, the distance between the high voltage electrode and the ground electrode was 32±0.3 mm while the distance of flight was 29±0.3 mm.
In order to maintain a homogeneous electric field free from PMT-induced deformation across the drift area, MAGIC was built using two triple layer Printed Circuit Board (PCB) imbedded with an electrode pattern, one for each side of the chamber. A first layer of fifteen 2 mm spaced-copper strips was used to apply a gradient of electrical potential and a second array of nine larger strips (located in the middle layer of each PCB) was used for isolation. The overall design was validated with the finite element calculation software FreeFem++ [10] , highlighting a lateral electric field distortion bellow 1% on the 3 mm at the center of the 5 mm air gap (Fig. 4) . Those 3 mm correspond to the part of the collection electrode wired to the readout electronic while the rest was directly put at ground potential. MAGIC was used in air and nitrogen at 291±2.9
• K and 1015±8.6 hPa and a high voltage ranging from 2 to 7 kV in both polarities. The acquisition itself was performed using a LeCroy WaveRunner 610Zi oscilloscope [11] with a 250 kHz sampling rate (T s = 4 µs).
Measurement analysis.
Compared to MICMAC measurement analysis, where signal shape analysis was mandatory to separate electron, anion and cation components, MAGIC analysis simply consists in dividing the time-of-flight by the distance between the ionization area and the collection area, the studied species being selected through the applied voltage polarity. In addition, the oscilloscope-induced bias was negligible here while the number of events per second was very low thanks to the collimation.
Similarly to the case of MICMAC, the signal was amplified and averaged to reduce the electronic noise. For the readout, a current preamplifier was used. Its time constant τ RC was measured at 84 µs using the detector response to electron in nitrogen which is equivalent to a δ-Dirac function at the considered sampling rate.
To correct the signal shape from the preamplifier transfer function, inverse filtering was applied using the Z-tranform as described in Eq. 22 and 23 where E is the measured signal, S the inverse filtered signal and F s the sampling frequency.
Because inverse filtering introduces a lot of noise, the inverse filtered signal was smoothed using a moving average method with the five previous and following samples. The drift time was finally computed as the difference between the PMT triggering time and the temporal centroid of the signal.
Results and discussion.
In this part, results are first presented as measurements and fitted curves for both setups. The actual swarm parameters values for both air and nitrogen will then be presented along with data from the literature.
MICMAC results

3.1.1.
Ion drift velocity. Figure 5 shows MICMAC data for ion velocity measurements in nitrogen and air (corrected for the offset and oscilloscope bias) and their fitted curve using Eq. 17 and Eq. 10 for three high voltages. The corresponding data are presented in Table 1 (full data presented in Annexe A2 and A3).
Fits were performed using the same low-pass filter for every measurement (in both air and nitrogen) as well as the same number of pairs produced for each ionization regardless of the applied voltage, then individual drift and attachment times (in air only) were used for each measurement.
This measurements highlight that cations drift velocities in air and nitrogen seem to be very similar (less than 5 % apart) while anion drift velocities tend to be about 10 % higher. In addition, ions drift velocities are displaying a linear increase with the applied voltage. Finally, MICMAC attachment time measured values are slowly increasing with the electric field in the considered range. Figure 6 presents measurements obtained in nitrogen and air with a 2 ns sampling time. The ion component of the signal is too small to be seen. As explained in Section 2.1.5, the need to use a free form filter to model the electronic response can be understood when looking at the unusual but common to every measurement rising shape. Similarly to ions, the analysis for both air and nitrogen were done fitting all the data at the same time with the same number of ion pairs, the same parameters for the filter but independent drift velocities and attachment time. A subset of electron drift velocities results in air and nitrogen are presented in Table 2 (full data presented in Annexe A1). If cation velocities were really close in both air and nitrogen and seem to depend linearly to the applied voltage, electrons drift velocities was measured about 11 % higher in air than in nitrogen with MICMAC. When looking at the attachment time are similar than the one measured at the lower sampling rate.
Electron drift velocity.
3.1.3.
Comparison between ion and electron measurement. In order to cross validate measurements done using the electron sampling time and those using the ion sampling time, we decided to use the free electron fraction. This quantity, referred in the literature as p, is the fraction of the signal-induced by electrons Q e − (Eq. 18) over the total signal-induced by negative charges Q 0 /2. The free electron fraction was measured in both studies independently, through the T a over t d e − ratio for ion measurements while both T a and t d e − were measured simultaneously in the case of electron measurements. The free electron fraction presents the same evolution compared to electric field values in both studies with a mean difference bellow 7 % as shown in Fig. 7. 
MAGIC ion drift velocity results
Time-of-flight signals in MAGIC show different shapes depending on the species studied. Negative ion signals in air tend to keep their symmetrical shape regardless of the applied electric field as shown in Fig. 8 (a) while in the case of positive ions, the decreasing portion seems to widen for decreasing voltage as presented in Fig. 8 (b) Measurement of ion and electron drift velocity and electronic attachment for air-IC13 from a nearly symmetrical signal at 6 kV and a completely asymmetrical one at 2 kV. Corresponding data are presented in Table 3 (full data and available in Annexe A4). This asymmetry, identical in both air and nitrogen for positive ion, might be explained by the fact that positive ions are constituted of a mixture of cations [5] with different mobilities. The ion velocity displays the same linear dependency with the electric field when measured with MAGIC or MICMAC. Cations velocities measured in air and nitrogen are very similar while anions velocities in air was about 10 % higher. Fig. 9 and 10 as standard mobilities (K 0 , defined in Eq. 2) along with literature measurements from [4, 12, 13, 14, 15, 16] .
For positive ion measurement, considering the uncertainty on mobilities (1.9% for MAGIC and 1.5% for MICMAC, respectively), all measurements performed in this study are in good agreement with themselves as presented in Annexes A2 and A4 for The comparison with the literature is difficult as little measurements were performed in air and when they were, the species studied were very different to the "averaged species" measured here. Therefore the most relevant data should be the ones covering either N + 2 or N + 4 in pure nitrogen. Unfortunately, even then, literature data are sparse. As an example, N + 2 in pure N 2 measured either by Ellis (E-76) [4] or Viehland (V-95) [12] differed by almost fifteen percent, resulting in the fact that if our measurement could be compatible with N + 2 according to Ellis [4] . Overall, their is not any overall agreement with the literature. Mobility results for anions in air are presented with their uncertainties for MICMAC and MAGIC in Annexes A3 and A4, respectively. The standard mobility for anions averaged for both setups is 195 mm 2 ·s −1 ·V −1 (±2.7%) in the 60 to 700 V·mm
electric field range. Both MICMAC and MAGIC anion measurements (Fig. 10 ) sit between Davies data [16] in dry air and air containing 2% H 2 0, that also presents "averaged species" measurements. This tends to indicate that our measurements were done in slightly humid air. However, tests conducted in dry air did not show significant differences. The rest of the subset of literature data presented here proposes higher mobilities values when looking at specific anions in pure O 2 and N 2 gases. 3.3.2. Electron drift velocity. Electron measurements in air and nitrogen are presented in Fig. 11 displayed as drift velocities. Results are presented along with literature measurements from Hochhauser [18] and Davies [16] but also with Biagi-8.9 calculations [19, 20, 21] .
MICMAC data in air and nitrogen (full data in Annexe A1) are compatible with literature both in the air and nitrogen in the 200 to 700 V·mm −1 electric field range but display much higher values at lower electric field.
In air, even if MICMAC values are located above reported measurements, data from Hochhauser tend to display a similar trend compared to the rest of the literature. We currently have no rational to explain why both ours and Hochhauser's measurements diverge from literature at low electric field. Iit is interesting to notice that both measurements were performed with ionization chamber using signal shape analysis. Fig. 12 as attachment times with respect to literature data from Hochhauser [18] and Davies [16] .
Electronic attachment. Electronic attachment measurements are presented in
Attachment times were extracted from both electron and ion-adapted time sampling. They display a mean difference of 7.2% with a very similar behavior over the whole electric field range. It is important to note that, as explained in 2.1.3, attachment times extracted from ion measurements are obtained through the ratio T a over t d e − (Eq. 18). Resulting attachment times values are presented in Annexes A1 and A3, for electron measurements and ion measurements, respectively. [18] and Davies [16] .
When compared to literature data, our measurements (and Hochhauser's) are positioned between Davies three-body data in dry air and in air with 2% H 2 O similarly to what was observed for anion mobilities in air (c.f. Fig. 10 ).
Conclusion and perspectives
In this study, we aimed to demonstrate the possibility to use actual air ionization chambers to evaluate parameters as the electronic attachment times, electron drift speed and ion mobilities, using MICMAC detector and to cross validate them (when possible) with a more standard drift tube technic using the detector MAGIC. Those parameters are fundamental when trying to model the response of such detectors. However, there were little data, apart from Hochhausser's measurements [18, 22] , that were performed in conditions adapted to air ionization chambers used in radiotherapy. If electronic drift velocities were well described, only negative ion mobility and attachment times data from Davies [16] , obtained in a very different context, seem to be relevant for medical use. The very well furnished Ellis and Viehland Tables [4, 17, 15, 12] do not provide the effective ion mobilities needed for medical air ionization chambers.
In future work, we will try to use the data of this work to extract recombination values from ionization chambers measurements and to model the efficiency of such detectors in various irradiation conditions. Table A2 . MICMAC Measurements: Cation drift velocities and mobilities in Nitrogen and Air (at 291±2.9 K and 1015±8.6 hPa) Measurement of ion and electron drift velocity and electronic attachment for air-IC23 2.51e-3 
